There is a well-documented association of matrix metalloproteinase-9 (MMP-9) and receptor Notch-1 overexpression in colon cancer. We recently showed that MMP-9 is also upregulated in colitis, where it modulates tissue damage and goblet cell differentiation via proteolytic cleavage of Notch-1. In this study, we investigated whether MMP-9 is critical for colitis-associated colon cancer (CAC). Mice that are wild type (WT) or MMP-9 nullizygous (MMP-9 −/− ) were used for in vivo studies and the human enterocyte cell line Caco2-BBE was used for in vitro studies. CAC was induced in mice using an established carcinogenesis protocol that involves exposure to azoxymethane followed by treatment with dextran sodium sulfate. MMP-9 −/− mice exhibited increased susceptibility to CAC relative to WT mice. Elevations in tumor multiplicity, size, and mortality were associated with increased proliferation and decreased apoptosis. Tumors formed in MMP-9
Introduction
Matrix metalloproteinases (MMP) are zinc-dependent neutral endopeptidases, which participate in degradation of extracellular matrix proteins and are important for normal tissue remodeling but are also involved in several pathologic processes, such as arthritis, atherosclerosis, myocardial infarction, colorectal cancer, tumor invasion, and inflammatory bowel disease (IBD; refs. 1, 2). MMP-9 is a 92-kDa protein, one of the two MMPs known as gelatinases. MMP-9 is absent from most normal adult tissues, including the intestinal epithelial cells. We and several others have shown that MMP-9 is highly expressed during intestinal inflammation in different animal models and human IBD (3, 4) . We have also shown that MMP-9 −/− mice exposed to dextran sodium sulfate (DSS) or Salmonella typhimurium had dramatically reduced inflammation and mucosal injury and showed protection against acute colitis, indicating that MMP-9 is a mediator of inflammation (3) . Further, our studies showed that epithelial-expressed but not immune cell-expressed MMP-9 mediates intestinal inflammation. In addition to its role in inflammation, recent studies from our laboratory have shown that MMP-9 plays a role in epithelial cell differentiation. We showed that MMP-9 −/− mice have increased secretory lineage as evidenced by increased MUC-2 expression and goblet cells and decreased absorptive epithelial cells as shown by carbonic anhydrase. Being a protease, we reasoned that MMP-9 may play a role in cleaving Notch-1, a transcription factor that plays a pivotal role in determining epithelial cell lineages and requires metalloproteinase for its cleavage (5) . Indeed, MMP-9 cleaves Notch-1 and activation of Notch-1 is inhibited in MMP-9 −/− mice (6) . Recent studies have implicated Notch-1 signaling in the pathogenesis of colon cancer, and given the role of MMP-9 in Notch-1 activation and inflammation, in this study, we addressed the role of MMP-9 in colitis-associated colon cancer (CAC). IBD, which includes ulcerative colitis and Crohn's disease, is a chronic inflammatory disease of the intestine that affects 1 in 200 to 1 in 1,000 individuals in the United States (7) . Ulcerative colitis and Crohn's disease are characterized by relapses (acute flare) and remission, which involve immunemediated tissue injury followed by repair (8, 9) . CAC is an important complication of ulcerative colitis or colonic Crohn's disease that results in significant morbidity and mortality (10) . Indeed, it causes one of six of all deaths in patients with ulcerative colitis and, thus, is a dreaded complication of the disease (11) . The incidence of colon cancer is increased by 2% at 10 years, 8% at 20 years, and 18% at 30 years in patients with ulcerative colitis, and the risk of developing colon cancer correlates with the extent, duration, and severity of the disease (12) . Although both sporadic colon cancer and CAC are malignancies of the colon, several features make CAC distinct from sporadic colon cancer (13) . For example, unlike most sporadic colon cancers that arise from adenomatous polyps, colon cancer develops commonly in flat dysplastic tissue among the individuals preexposed to IBD. In addition, CAC is often multiple, anaplastic, broadly infiltrating, and rapidly growing and occurs at a younger age. Genetic alterations also differ in CAC compared with sporadic colon cancer (14, 15) . The pathogenesis of CAC is poorly understood, and remarkably, the role of MMP-9 in CAC has not been explored. The role of MMP-9 in colon cancer is well recognized. MMP-9 has also been implicated to play a role in colon cancer progression and metastasis in animal models as well as in humans (16) . It has been documented that MMP-9 regulates metastatic progression in colorectal cancer (17) and was found to be expressed by macrophages, neutrophils, and mast cells. Further, MMP-9 is found to generate angiostatin, which is a crucial factor controlling the growth rate of certain tumors (18) .
Although individual and independent roles of MMP-9 during inflammation and cancer in colon or different organs have been documented very well, the function of MMP-9 in mediating inflammation-associated colon cancer has not been studied. The aim of the present study is to understand the role of MMP-9 in an animal model of CAC.
Materials and Methods
Animal models. As described previously (19) , wild-type (WT) and MMP-9 −/− littermates used in the study were between 9 and 10 wk old at the beginning of the experimental protocol and were maintained on a 12-h dark-light cycle and allowed free access to pelleted, nonpurified diet and tap water. Induction of azoxymethane + DSS-induced cancer. Age-and sex-matched C57B6 MMP-9 −/− mice and their WT littermates were injected i.p. with 7.6 mg/kg azoxymethane (Sigma) on day 0. On day 7, one group (20) of each WT and MMP-9 −/− mice was exposed to 3% (w/v) DSS (ICN Biomedicals) by oral administration through their drinking water ad libitum for 7 d. On day 14, their water was changed to regular drinking water. On day 28, their drinking water was changed back to 3% DSS for a second cycle of DSS exposure. After a week, these mice were returned to regular drinking water and sacrificed on day 56. Their colons were opened longitudinally. We monitored body weight, stool consistency, and stool occult blood of all the mice during the DSS treatment and recovery phase. One group of mice was assessed for CAC mortality. To perform mortality studies, the same protocol was followed with the exception of one cycle of DSS (21) WAF1/Cip1 , the goat anti-mouse secondary antibody (1:4,000; Bio-Rad) was used. For MMP-9, iNOS, COX-2, pCNA, caspase-3, and NICD, the goat anti-rabbit (1:2,500; Bio-Rad) was used as secondary antibody.
Ki67 and terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling staining. As described previously (22) , paraffin sections of colon were deparaffinized and stained for Ki67 and terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUNEL).
Cell culture and transfection. As described previously (6), Caco2-BBE cells were transfected for 72 h with a pEGFP plasmid with and without the MMP-9 gene. The transfected clones were selected under an antibiotic (geneticin; Life Technologies), and fluorescent cells were isolated using flow cytometry (fluorescence-activated cell sorting) and then used for the detection of MMP-9, β-catenin, iNOS, COX-2, and NICD protein expression. Statistical analysis. As described previously (19) , the data are presented as the mean ± SE. Statistical analysis was performed using GraphPad Instat 3 software. 4 Results MMP-9 is highly expressed in CAC. MMP-9 −/− and WT mice were euthanized following short-term protocol (56 days), and protein lysates were prepared from the colon mucosal stripping for Western blot analysis as described in Materials and Methods. Western blot analysis showed that MMP-9 −/− mice with or without CAC lacked MMP-9 protein expression (Fig. 1A , lanes 8-15). WT mice given water showed no MMP-9 protein expression (Fig. 1A , lanes 1-4), but WT mice with CAC showed increased MMP-9 protein expression (Fig. 1A , lanes 5-7). Densitometry analysis shown by the graphs revealed a 10.51 ± 0.21-fold increase in MMP-9 protein expression in WT mice with CAC compared with WT mice treated with water ( Fig. 1A) .
MMP-9
−/− mice show increased susceptibility to CAC.
−/− and WT mice (n = 10 each group) were treated with azoxymethane/DSS to induce CAC and sacrificed after 56 days. Mice were weighed once a week, and the change in body weight shows no significant change in the body weight of MMP-9 −/− mice after first and second cycles of 3% DSS, whereas there was a significant decrease in the body weight of WT mice after first and second cycles of 3% DSS compared with initial body weight (Fig. 1B) . Both MMP-9 −/− and WT mice showed no significant change in body weight at the end of 56 days as shown in Fig. 1B . Mice were sacrificed after 56 days, and the number of polyps was counted and measured in diameter. Colons were then processed for histology, and inflammatory score was determined by H&E staining. Figure 1C shows that MMP-9 −/− mice had significantly higher inflammatory score of 9.4 ± 0.88 compared with WT mice (inflammatory score of 6.7 ± 0.34) induced with CAC (3). Figure 1D (i) shows that there was significantly higher multiplicity of polyps among MMP-9 −/− mice (6 ± 1.65) compared with WT mice (2.5 ± 0.75) with CAC. Figure 1D (ii) shows that MMP-9 −/− mice had significantly more number of polyps in the range of <1-to 3-mm diameter (5.5 ± 1.5) as well as in the range of >3-to 8-mm diameter (1.0 ± 0.38) compared with WT mice (2.25 ± 0.5 in the range of <1-to 3-mm diameter and 0.23 ± 0.15 in the range of >3-to 8-mm diameter).
In another set of experiments, we followed mice for an additional 90 days to assess cancer development and mortality.
−/− and WT mice (n = 10 each group) were induced with CAC as described in Materials and Methods. Mice were weighed once a week, and their mortality is represented by Fig. 2A , which shows the survival curve of MMP-9
and WT mice. Ten percent of MMP-9 −/− mice given the CAC induction developed rectal prolapse, reflecting the severity of inflammation and significant weight loss starting at 7 weeks. There was 70% mortality in this group at 20 weeks versus 30% mortality for WT mice with CAC. These data indicate higher mortality among MMP-9 −/− compared with WT mice. After sacrifice, the colon was cut open and stained with methylene blue, and the number and size of the polyps were assessed ( Fig. 2B and C) . Figure 2B shows that MMP-9 −/− mice had significantly increased multiplicity of tumors (5.4 ± 2.04) compared with WT mice (2.8 ± 0.48), and Fig. 2C indicates that MMP-9 −/− mice had significantly more number of polyps in the range of <1-to 3-mm diameter (3.9 ± 1.9) as well as in the range of >3-to 8-mm diameter (1.5 ± 1.1), respectively, compared with WT mice (2.8 ± 0.48 in the range of <1-to 3-mm diameter and no polyps in the range of >3-to 8-mm diameter). Figure 2D shows the representative gross anatomy of the colon of the MMP-9 −/− and WT mice, reflecting the number of polyps among them. CAC in MMP-9 −/− mice is associated with increased proliferation and decreased apoptosis compared with WT mice. Alteration in cell proliferation is a significant factor in the multistep process of tumorigenesis, and Ki67 is a wellestablished marker for the assessment of cell proliferation (23) . Figure 3A (left) shows the Ki67 staining as depicted by brown nuclei staining among the crypts of colonic epithelium of MMP-9 −/− and WT mice without the induction of CAC, indicating no significant difference among them, whereas Fig. 3A (i, right) suggests an increase in the Ki67 staining among the crypts of MMP-9 −/− compared with WT mice having CAC. Figure 3B shows the graphs representing the number of nuclei positive for Ki67 staining per crypt and indicates that MMP-9 −/− mice had more proliferation (39.4 ± 9.8) compared
with WT mice (18.3 ± 6.9), as indicated by the percentage of the number of Ki67-positive nuclei/crypt. Figure 3C shows the Western blot of pCNA (a marker for proliferation) and supports the immunohistochemistry data of Ki67 staining by showing increased protein expression of pCNA among MMP-9 −/− mice compared with WT mice, both induced with CAC (lanes 10-12 and lanes 4-6, respectively). Both MMP-9
and WT mice showed some constitutive pCNA expression without the induction of CAC, which was higher among MMP-9 −/− mice (Fig. 3C , lanes 7-9 and lanes 1-3, respectively) compared with WT mice. The adjacent graph shows the quantification of Western blots by scanning densitometry and indicates a 2.2 ± 0.14-fold increase in pCNA expression among MMP-9 −/− mice compared with WT mice with CAC.
Apoptosis is the intrinsic property of tumor cells, which is modulated by the expression of several oncogenes (24) . , β-catenin, and NF-κB. We have previously shown that MMP-9 activates Notch-1 (6) . In this study, we examined the expression levels of p21 WAF1/Cip1 , a "canonical" Notch target, in keratinocytes that has been shown to suppress Wnt signaling and function as a negative regulator of stem cell potential and tumorigenesis (25) , consequently suppressing protein levels of β-catenin. Colon of the mice was harvested at 56 days, and mucosal strippings were processed for Western blots. Western blot analysis of p21 WAF1/Cip1 showed that MMP-9
−/− mice with or without CAC had almost negligible protein expression (Fig. 5A , i, lanes 7-12) compared with WT mice with or without the induction of CAC (Fig. 5A, i, lanes 1-6) . CAC induction among the WT mice caused an increase in protein expression of p21 WAF1/Cip1 compared with WT mice without CAC (Fig. 5A, i, lanes 4-6 and lanes 1-3, respectively) . Densitometric analysis shown by the graphs revealed a 2.26 ± 0.87-fold increase in p21 WAF1/Cip1 protein expression among WT mice with CAC (mean ± SE; six mice per group; P < 0.05; Figure 5A (ii) shows that MMP-9 −/− mice with CAC had increased expression of β-catenin (lanes 8-11 and lanes 4-7, respectively) compared with WT mice. The adjacent graph shows the quantification of Western blots by scanning densitometry and indicates a 2.8 ± 0.14-fold increase in β-catenin expression among MMP-9 −/− mice compared with WT mice with CAC. Figure 5A (iii) shows that MMP-9 −/− mice compared with WT mice (lanes 10-12 and lanes 4-6, respectively) with CAC had decreased expression of NF-κB, which participates in the control of intestinal homeostasis (26) . Both MMP-9 −/− and WT mice without CAC showed some constitutive expression of NF-κB (Fig. 5A , iii, lanes 7-9 and lanes 1-3, respectively). The adjacent graph shows the quantification of Western blots by scanning densitometry and indicates an inhibition of 57.78 ± 24.92% in NF-κB expression among MMP-9 −/− mice compared with WT mice with CAC.
Together, these data show that CAC in MMP-9 −/− is associated with decreased expression of NF-κB and p21 WAF1/Cip1 and increased expression of β-catenin, whereas CAC in WT have increased MMP-9, NICD, and p21 WAF1/Cip1 and a reciprocal decrease in Wnt signaling.
CAC in MMP-9 −/− mice showed altered protein expressions of COX-2 and iNOS. COX-2 and iNOS are two proteins well associated with CAC (27, 28) . MMP-9 −/− and WT mice (n = 6 each group) were treated with one dose of azoxymethane and two cycles of 3% DSS to induce CAC and were sacrificed after 56 days. Western blots of protein from the mucosal stripping of the colons were performed as described in Materials and Methods.
Figure 5B (i) shows that MMP-9
−/− mice (lanes 10-12) compared with WT mice (lanes 4-6) with CAC had increased expression of COX-2, whereas both MMP-9 −/− and WT mice without CAC showed no expression of COX-2 (Fig. 5B, i, lanes 7-9 and lanes 1-3, respectively) . The adjacent graph (Fig. 5B, i) shows the quantification of Western blots by scanning densitometry and indicates a 1.6 ± 1.13-fold increase in COX-2 expression among MMP-9 −/− mice compared with WT mice with CAC. Figure   5B (ii) shows that MMP-9 −/− mice (lanes 10-12) compared with WT mice (lanes 4-6), both with CAC, had increased expression of iNOS, whereas both MMP-9 −/− and WT mice treated with water showed no expression of iNOS (Fig. 5B,  ii, lanes 7-9 and lanes 1-3, respectively) . The adjacent graph (Fig. 5B, ii) shows the quantification of Western blots by scanning densitometry and indicates a 2.5 ± 0.91-fold increase in iNOS expression among MMP-9 −/− mice compared with WT mice with the treatment of azoxymethane and two cycles of DSS. MMP-9 overexpression results in altered protein expressions of NICD, β-catenin, COX-2, and iNOS. Our next goal was to determine the effect of MMP-9 overexpression on transcription factors and molecules associated with differentiation and proliferation of colonic epithelium. We used the Caco2-BBE cell line stably transfected with a pEGFP plasmid, with or without the MMP-9 gene, as described in Materials and Methods, as our in vitro model to study the effect of MMP-9 on the expression of NICD, β-catenin, COX-2, and iNOS. Figure 6A (i) represents the efficiency of transfection confirmed by Western blot of MMP-9. Equal amounts of protein were separated by SDS-PAGE and probed with MMP-9 antibody. β-Tubulin served as the loading control for proteins. The lane marked MMP-9 shows a band at 120 kDa (Fig. 6A, i, lanes 4-6) , consistent with the expression of GFP-MMP-9. MMP-9 is undetectable in the vector-transfected cells (Fig. 6A, i, lanes 1-3) , similar to normal colonic epithelia. Western blot using anti-NICD, anti-β-catenin, anti-COX-2, and anti-iNOS-specific antibodies [ Fig. 6A (ii and iii) and B (i and ii), lanes 4-6, respectively] showed a significant increase in NICD and a decrease in β-catenin, COX-2, and iNOS in MMP-9-overexpressing cells compared with vector-transfected cells [ Fig. 6A (ii and iii) and B (i and ii), lanes 1-3, respectively]. Densitometric analysis revealed a 1.61 ± 0.02-fold increase in NICD protein expression and an inhibition of 37.17 ± 3.93%, 48.98 ± 30.30%, and 64.11 ± 3.11% in protein expression of β-catenin, COX-2, and iNOS in MMP-9-overexpressing cells compared with vector. Together, our in vitro data using the stably transfected Caco2-BBE cell line show that MMP-9 downregulates β-catenin, COX-2, and iNOS but activates NICD expression, which are all key factors in regulating differentiation and proliferation of the gut epithelium.
Discussion
Chronic inflammation is linked to cancer development in several organs (14) . CAC advances through a series of genetic alterations that endow cells with growth advantages over normal cells. As advantaged cells proliferate, they progressively acquire even more DNA damage that further favors their proliferation (14) ; however, molecules released by inflammatory cells may either suppress or enhance tumor progression. MMPs have the ability to cleave various bioactive substrates and thereby can either promote or suppress tumor progression, resulting in a delicate balance of protumor and antitumor activity determining the fate of the tumors (18) . During inflammation progressing to cancer, MMPs might be involved at different steps, starting from the growth of the primary tumor to the support of the tumor growth in the metastatic site. Some studies have shown that the chronic inflammation associated with some cancers can further stimulate cancer progression due to the release of MMPs from the inflammatory cells (29, 30) . There are only a few elaborate studies on the role of MMPs in colitis-associated tumorigenesis (31), although some studies have shown that inhibition of gelatinases results in regression of tumor growth (18, 32) . The gelatinases, especially MMP-9, can also stimulate tumor growth (18) . Recently, Sinnamon and colleagues (33) have shown that APC-Min mice genetically deficient in MMP-9 expression had fewer tumors than littermate controls, and suggested the alteration of proliferation by MMP-9 among APC-Min adenoma cells. Burg-Roderfeld and colleagues (34) have shown that MMP-9 hemopexin domain has an inhibitory effect on migration and adhesion of colorectal carcinoma cells. Another study by Pozzi and colleagues (35) showed that reduction of plasma levels of MMP-9, in either normal or integrin α1-null mice, leads to decreased synthesis of angiostatin and consequent increased tumor growth and vascularization, and was also supported by the study of Bjorklund and Koivunen (18) . In melanoma, increased expression of MMP-9 is found initially, but at the later stage, it is reversed (18, 36) . It has been reported that in breast and colon cancer, MMP-9 expression has been correlated with both increased and decreased survival and formation of distant metastasis (18, 37) . In the present study, we observed that MMP-9 −/− mice showed increased susceptibility to inflammation-associated colon cancer/polyps as indicated by their number, size of polyps, and the mortality rate, although we have shown previously (3) that MMP-9 −/− mice are protected from inflammation. Interestingly, MMP-9 −/ − mice induced with inflammation-associated colon cancer/polyps exhibited higher proliferation and lower apoptosis compared with WT mice inflammation. This implies the underlying role of MMP-9 in regulating proliferation and apoptosis during the carcinogenic process. This fact was further supported by the altered protein expressions of different inflammatory and transcription factors, which are well known to be involved in regulating the cell proliferation and differentiation or apoptosis.
Based on our data that MMP-9 functions as the protease that cleaves and activates Notch-1 (6), we explored the role of MMP-9-medited Notch-1 activation in CAC. In the present study, we observed the activation of p21 WAF1/Cip1 expression due to activation of Notch-1 signaling in CAC in WT mice, which was clearly inhibited in CAC in MMP-9 −/− mice. The in vitro results using our overexpressing MMP-9 cell line also corroborated with in vivo data supporting the hypothesis that despite being a mediator of proinflammatory response, MMP-9 plays a protective role in CAC by modulating carcinogenesis through its effect on Notch signaling.
Intestinal epithelium is a very dynamic tissue involving key cellular processes such as proliferation and differentiation. It has been known that there are many genes that are involved in the normal development of intestine and also play a critical role in the process of human carcinogenesis (38) (39) (40) (41) . Continuous renewal of the intestinal epithelium requires coordinated regulation between different signaling pathways and molecules to maintain the balance between proliferation and differentiation of epithelial stem cells and immature progenitor cells. One of the important signaling systems regulating the intestinal epithelium homeostasis is the Wnt signaling pathway (42) , which involves dephosphorylation and stabilization of β-catenin and its nuclear translocation, and activation of target genes by the complex consisting of β-catenin and the T cell factor family of transcription factors (43) . Another important pathway is the highly conserved Notch signaling pathway, which controls selective cell fate decisions and subsequent differentiation in the intestine (44, 45) with oncogenic and growth-promoting roles. It can also function as a tumor suppressor (39, 45) . It has been reported that Notch-1 deficiency results in increased β-catenin-mediated signaling in hyperproliferative skin and primary tumor lesions, indicating that Notch might suppress Wnt signaling (45, 46) . This is mediated by Notch by indirect activation of p21, which subsequently binds to the Wnt4 promoter and downregulates its expression (25, 45) . Further, overactivation of the Wnt pathway due to mutations in β-catenin causes many of the epithelial cells to enter into a proliferative state and display a failure of the differentiation programs in these cells (44, 47) . Additionally, Wnt signaling probably integrates with other stem cell niche-derived signals such as BMP, Hedgehog, and Notch (44, 48) . Irrespective of whether these signals have a stromal or an epithelial origin, they reflect a constant cross-talk among them, which is very important Figure 6 . MMP-9 overexpression results in altered levels of NICD, β-catenin, COX-2, and iNOS. Caco2-BBE cells stably transfected with a pEGFP plasmid, with or without the MMP-9 gene, were plated on six-well filters at confluency and cell lysates were collected and immunoblotted for MMP-9 (A, i), NICD (A, ii), β-catenin (A, iii), COX-2 (B, i), and iNOS (B, ii). for the maintenance of normal epithelium (48, 49) . A few studies have shown that repeated exposure to DSS causes the appearance of dysplasia and/or cancer in mice due to repeated mucosal erosion and regeneration of the colonic epithelium, causing the increase in the susceptibility of mucosal epithelia for dysplasia and/or cancer development (50) . Although underlying mechanisms are still unknown, increased proliferative activity preceded dysplasia, which results in the increase of proliferating cells to apoptotic cells. In the present study, our results have shown increased proliferation among the MMP-9 −/− mice induced with inflammation-associated colon cancer as well as increased β-catenin expression. Similar to keratinocytes but in contrast to colonic epithelial cells, our data show that MMP-9-mediated Notch signaling is associated with inhibition of Wnt signaling and mediates cell survival.
In conclusion, we show that MMP-9 acts as a tumor suppressor in CAC, likely through its effect on the Notch signaling pathway. The absence of MMP-9 is associated with defective Notch-1 activation, suppressed p21 WAF1/Cip1 expression, and reciprocal activation of Wnt signaling and increased proliferation.
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